Poor developmental conditions can have long-lasting negative effects on offspring phenotypes, but impacts often differ among species. Contrasting responses may reflect disparities in experimental protocols among single-species studies or inherent differences among species in their sensitivity to early conditions and/or ability to mitigate negative impacts. We used a common experimental protocol to assess and compare the role of parental care in mitigating effects of poor early conditions on offspring among 4 sympatric bird species in the wild. We experimentally induced low incubation temperatures and examined effects on embryonic developmental rates, hatching success, nestling growth rates, and parental responses. We examined the generality of these effects across 4 species that differ in their phylogenetic history, breeding ecology, and life histories. We found that cooling led to delayed hatching in all species, but carry-over effects on offspring differed among species. Parents of some but not all species increased their offspring provisioning rates in response to experimental cooling with critical benefits for offspring growth rates. Our study shows for the first time that species exhibit clear differences in the degree to which they are affected by poor early conditions. Observed differences among species demonstrate that parental care is a critical mechanism for mitigating potential negative effects on offspring and suggest that parental responses may be constrained to varying degrees by ecology and life histories.
INTRODUCTION
Poor early conditions can have profound negative effects on the growth and development of young organisms across a wide diversity of taxa (Lindström 1999; Metcalfe and Monaghan 2001; Monaghan 2008) . Factors such as poor nutrition, food scarcity, hypoxia, and embryonic temperatures near the limits of a species' thermal tolerance zone can all lead to slowed embryonic growth and development as well as decreased hatching success or viability (Bateson et al. 2004; Kim and Monaghan 2006; Mitchell and Seymour 2000; Olson et al. 2006; Swain and Jones 2000) . Poor early conditions can, in turn, have significant carryover effects on juvenile and adult performance with important consequences for the fitness of individuals (Harrison et al. 2011; Monaghan 2008 ) and the dynamics of populations (Benton et al. 2006) . Species often differ in the severity of the negative carry-over effects they experience as well as which of their physiological or morphological traits are adversely affected (Ardia et al. 2010; Metcalfe and Monaghan 2001; Nord and Nilsson 2011) . However, the root cause(s) of this inter-specific variation is not well understood. Studies to date have focused only on single species and often differ in the timing and degree to which early environmental conditions are manipulated. For example, embryonic temperature may be manipulated in an incubator or by cooling the nest and during the whole or only part of the incubation stage (Ardia et al. 2010; Hare et al. 2004 ). As such, inter-specific variation may be due simply to disparities among experimental protocols. Alternatively, contrasting responses may reflect inherent differences among species in their growth and developmental sensitivity to environmental conditions or in their ability to mitigate the potential negative effects of a poor start.
Parental care is common in many taxa (Clutton-Brock 1991) and is known to be flexible, changing in response to environmental conditions and the needs of offspring (Lissåker and Kvarnemo 2006; Rehling et al. 2012) . Parents are able to assess the condition of their offspring and adjust their provisioning rates accordingly, feeding offspring more when their condition is poor or when they beg at greater intensities (Kilner and Johnstone 1997) . Plastic shifts in parental care may therefore play an important role in mitigating the negative effects that early conditions have on developing offspring and explain differential sensitivities among species.
We used a common experimental protocol to assess and compare the role of parental care in mitigating effects of poor early conditions on offspring among 4 sympatric bird species in the wild: Redfaced Warbler (Cardellina rubifrons), Gray-headed Junco (Junco hyemalis caniceps), House Wren (Troglodytes aedon), and Western Bluebird (Sialia mexicana). We cooled eggs during the early phase of incubation in all species and quantified the effects of cooling, relative to uncooled eggs, on the duration of the incubation period, hatching success, hatch size, and nestling growth rates. We also quantified parental behavior during the nestling stage to determine whether parents changed their feeding and brooding behavior in response to the incubation cooling treatment.
All 4 species are in the order Passeriformes but from different families: Red-faced Warbler from the New World warbler family Parulidae, Gray-headed Junco from the New World sparrow family Emberizidae, House Wren from the wren family Troglodytidae, and Western Bluebird from the thrush family Turdidae. They also differ in their breeding ecology: Red-faced Warbler and Grayheaded Junco both build open-cup nests on the ground while House Wren and Western Bluebird nest aboveground in pre-existing tree cavities. These divergent nesting ecologies are associated with life history and parental care differences; species nesting in pre-existing cavities generally have lower adult survival and slower growth and longer developmental periods, but higher nestling provisioning rates and higher egg and nestling survival than open-nesting species (Martin 1995) , and this is true of our 4 species (Martin 2015; Martin et al. 2015) . Thus, our choice of these species allowed us not only to compare effects of a common poor early environment on more than one species but also to assess the generality of these effects across a set of species that differ in their parental care behavior, life histories, and phylogenetic history.
MATERIALS AND METHODS

Study area
The study was conducted from May to July of 2011 and 2012 at a high elevation (approx. 2350 m) meadow and surrounding forest on the Mogollon Rim of the Coconino National Forest in central Arizona, USA. The meadow varies from 50-300 m in width, stretches approximately 2.5 km in length, and is surrounded primarily by mixed conifer forest. Dominant canopy trees include ponderosa pine (Pinus ponderosa), white fir (Abies concolor), Douglas fir (Pseudotsuga menziesii) and some scattered quaking aspen (Populus tremuloides). The understory was composed primarily of Gambel's oak (Quercus gambellii), New Mexican locust (Robinia neomexicana), saplings of overstory tree species, and various grasses.
Egg temperature manipulation
We searched for and located nests of Red-faced Warbler and Grayheaded Junco by following pairs with nesting material during the nest building phase. House Wren and Western Bluebird nests were located during the building stage by systematic daily checks of nest boxes set up in the study area. We weighed eggs with a digital scale (Gem-Pro 250, ± 0.001 g) on the day after the last egg of a clutch was laid and randomly assigned each nest to one of 2 treatments: control or cooled. Eggs from the cooled treatment were cooled to ambient temperatures outside the nest for 3 h on each day of the first 5 days of incubation, while eggs from control nests remained inside their respective nests and therefore experienced normal incubation temperatures. Each day, eggs from cooled nests were transferred to cotton-filled plastic vials nested firmly in a foam base at the bottom of a small insulated cooler bag. These eggs were replaced in the nest by a clutch of plasticine mimics shaped and painted to resemble each species' egg (mimic eggs hereafter). Cooler bags were hidden in the shade away from the nest, and cooled eggs were returned to the nest 3 h later. To control for handling effects, eggs of control nests were also transferred to vials in a cooler bag each day in the same way as cooled eggs but were then immediately returned to their respective nests. To control for human visitation effects, control nests were also visited 3 h later.
To assess the effectiveness of the cooling treatment, we compared the temperature of mimic eggs placed in cooled nests with mimic eggs placed in the cooler bags during the 3 h that eggs were out of the nest across the 5-day temperature manipulation period. Egg temperature was measured by a small thermocouple placed in the center of each mimic plasticine egg. Mimic eggs were installed in each cooled nest and its associated cooler bag during the 5 days when egg temperatures were manipulated. Temperature was recorded every 15 s by a small Stowaway XTI HOBO data logger (Onset; Bourne, MA) attached to the thermocouple by a thin wire. Temperatures were accurate to within 0.5 °C. Data loggers and wires at nests were buried under leaf litter surrounding the nest. For all species, the cooling treatment decreased mimic egg temperatures by roughly 10 °C ( Figure 1a ; treatment: F 1,32 = 471.6, P < 0.001; species: F 3,32 = 0.69, P = 0.56). Species did not differ in the temperature their mimic eggs experienced while in the cooler bags (F 3,30 = 0.3, P = 0.82). Mimic eggs and associated temperature logging equipment were also installed at control nests during the 5-day manipulation. This allowed us to control for disturbance across all nests but also to test for potential differences in egg temperature between control and cooled nests that might arise due to variation in parental incubation behavior. However, there was no difference in the temperature of mimic eggs in cooled versus control nests during the 3 experimental hours across the entire 5-day treatment period (treatment: F 1,46 = 0.2, P = 0.63; species: F 3,46 = 0.6, P = 0.58).
After the 5-day egg temperature manipulation period, nests were monitored every 1-2 days until the nest was depredated or nestlings fledged. We recorded the duration of the incubation period, hatching success, hatch size, and nestling growth rate in body mass, tarsus, and wing chord of control and cooled nests. The duration of the incubation period was defined as the number of days between the date the last egg was laid and the date the last egg hatched. Nests were checked on a twice daily basis (in the morning and then afternoon) around the predicted time of hatching to pinpoint the exact day of hatching. Hatching success was defined as the percentage of eggs from the total clutch that hatched. Nestling growth was quantified by measuring body mass (±0.001 g), tarsus length (±0.01 mm) and wing chord length (±0.01 mm) every other day starting from the day nestlings first hatched until they fledged. If a nest was visited when the clutch had only partially hatched, newly hatched nestlings were measured and all nestlings were then measured the following day and every other day thereafter.
Finally, we filmed nests at 2 different times during the nestling stage to assess parental behavioral responses to the incubation cooling treatment. To control for stage of development among treatments and species, cooled and control nests were filmed early during the nestling period when offspring were 1-2 days of age and then again on the day nestling pin feathers broke from their sheaths (days 6-7 for Red-faced Warbler and Gray-headed Junco, days 8-9 for House Wren, and day 10-11 for Western Bluebird). Cameras were hidden near the nest and recorded activity for about 6 h per day (mean ± SE: 6.23 ± 0.11) beginning half an hour before sunrise. Duration of filming did not affect estimates of parental care nor did it differ among species and treatment (all P > 0.05). Videos were later transcribed in the laboratory to determine brooding attentiveness (% time spent brooding nestlings) and nestling feeding rates (mean number of feeds per hour).
Statistical analyses
We first tested for effects of cooling treatment on incubation period length, hatching success, and size at hatch across species. Hatching success was arcsine transformed to meet the assumptions of normality. Egg weight differed between control and cooled nests of Western Bluebird (F 1,19 = 2.3, P = 0.04), so average egg weight for each nest was included as a covariate in analyses of hatch size. Some nests hatched over a 24-h period, so only nestlings measured on the first hatch day were included in analyses of hatch size. All the above analyses were conducted using the Proc glm function in SAS (version 9.2, SAS Institute, Cary, NC, USA).
We then compared growth in body mass, tarsus, and wing chord between treatment groups for each species using non-linear mixed model analyses (Proc nlmixed function in SAS). We began by fitting commonly used growth functions-including the logistic, Gompertz, and von Bertalanffy curves-to the data (Starck and Ricklefs 1998) , but the logistic growth curve was the best fit for all species. A logistic growth curve of the following form
was fitted to the data for each trait and each species where W(t) is size at age t, A = upper asymptotic size, k = growth constant, and H = size at hatch (Ricklefs 1983) . Treatment (control versus cooled) was included as a fixed effect on growth constant k. Brood size and Julian date were also initially included as predictors of growth constant k but were subsequently removed since nonsignificant. Nest identity was included as a random effect to account for the nonindependence of repeated measures on the same nest (Bolker et al. 2009 ). Finally, we tested whether nestling feeding rates and brooding attentiveness differed among treatment groups and species. Feeding rates and brooding attentiveness were measured at 2 different stages (1-2 days after hatch and then again on the day their pin feather broke), so we used the Proc mixed function in SAS to account for the random effects caused by repeated measurements of nests. The age of the nestlings (early vs. pin break) was included as a categorical effect. Julian date and brood size were included as covariates in analyses of nestling feeding rates. Interactions among species, treatment, and nestling age were included in each model but subsequently removed if not significant.
Overall, we compared the effects of cooling between 10 control and 11 cooled Red-faced Warbler, 7 control and 10 cooled Grayheaded Junco, 10 control and 12 cooled House Wren, and 6 control and 7 cooled Western Bluebird nests. Sample sizes for each species and treatment were distributed evenly across the 2 study years. However, video cameras failed at some nests and several nests were depredated during the early nestling stages, so sample sizes for those analyses were reduced slightly (see Supplementary Table 1 ). All means are presented with ± SE.
RESULTS
The cooling treatment extended the incubation period by one half to one full day across all species ( Figure 1b ; Table 1 ). However, cooling did not have any effect on hatching success, nor on the size at hatch of body mass, tarsus length, or wing chord length (Table 1) . Cooling during the incubation stage affected growth during the nestling stage, but treatment differences depended both on species and the biometric trait under consideration (Table 2; Figure 2 ). Cooling had negative effects on growth in body mass of the open-nesting Red-faced Warbler and Gray-headed Junco (Table 2a ; Figure 2a ). Reduced growth led to smaller body mass at the mean age at fledge in both species (cooled relative to control in Red-faced Warbler: −0.11 ± 0.04 g, t = −2.6, P = 0.03; Gray-headed Junco: −0.17 ± 0.08 g, t = −2.1, P = 0.04). In contrast, cooling had no effect on growth rates of body mass of cavity-nesting House Wren and Western Bluebird (Table 2a , Figure 2a ). Cooling did not affect growth in tarsus length in any of the species (Table 2b , Figure 2b ). However, cooling had a negative effect on wing chord growth in open-nesting Gray-headed Junco, but a positive effect in cavitynesting Western Bluebird (Table 2c , Figure 2c ). These disparities in growth led to differences in wing chord length between nestlings from control and cooled nests at the mean age at fledge in both species (cooled relative to control: Gray-headed Junco: −1.21 ± 0. 53 mm, t = −2.3, P = 0.04; Western Bluebird: 2.60 ± 0.0.54 mm, t = 4.9, P < 0.001). Cooling had no effect on wing chord growth of Red-faced Warbler or House Wren (Table 2c , Figure 2c ). Brooding attentiveness during the early nestling stage differed among species (Figure 3a ; F 1,50 = 3.7, P = 0.02) and decreased with nestling age (F 1,50 = 390.0, P < 0. 001) but did not depend on treatment (F 1,50 = 0.2, P = 0.70). Nestling feeding rates differed among species (F 1,45 = 52.3, P < 0.001) and increased with nestling age (F 1,45 = 116.2, P < 0.001; species × nestling age: F 1,45 = 4.6, P < 0.01), brood size (F 1,45 = 34.9, P < 0.001), and Julian date (F 1,45 = 7.6, P < 0.01). More importantly, the response of nestling feeding rates to the cooling treatment differed among species (Figure 3b ; F 3,45 = 2.9, P = 0.04): nestling provisioning rates were higher in cooled relative to control nests in cavitynesting House Wren (2.61 ± 0.99 feeds/h, t = 2.63, P = 0.01) and Western Bluebird (3.09 ± 1.40 feeds/h, t = 2.21, P = 0.03), but not in open-nesting Gray-headed Junco (0.59 ± 1.25 feeds/h, t = 0.47, P = 0.64) or Red-faced Warbler (−1.44 ± 1.23 feeds/h, t = 1.17, P = 0.25).
DISCUSSION
Cooling during the incubation period did not impact size at hatch or hatching success but led to delayed hatching in all species. Among and within species, lower embryonic temperatures can prolong development (Martin et al. 2007; Mitchell and Seymour 2000) which, in turn, can have negative consequences for growth and survival (Hare et al. 2004 ). Longer developmental periods can also decrease embryonic growth efficiency and force the embryo to use a greater amount of yolk-derived energy that could otherwise be stored and then used for growth after hatching (Olson et al. 2006 ). Yet, whether species differ in the consequences of these low incubation temperatures has not been studied. Growth parameters from the logistic growth model are H = size at hatch (age 0), k = growth constant, and A = upper asymptotic size. Parameters estimates for the effects of egg cooling treatment on growth (k treat) are in contrast to control nests. *P = 0.05, **P < 0.05. We found that cooling had a negative effect on nestling growth rates in some but not all species in our study. Observed differences among species in our study were evident under the same experimental protocol, suggesting that contrasting results found among studies of single species may not be due entirely to differences in their experimental protocols. Rather, differential responses indicate that parents of some species are more limited in their ability to mitigate the potentially negative effects of early conditions on their offspring. Specifically, parents of House Wren and Western Bluebird, but not Red-faced Warbler and Gray-headed Junco, whose eggs received the cooling treatment increased their provisioning rates with critical benefits for offspring growth. The increased provisioning of House Wren and Western Bluebird offset the negative growth impacts of early conditions imposed by cold temperatures during incubation because offspring left the nest at similar sizes in cooled and control nests. In contrast, cooled early conditions yielded slower growth and smaller offspring at fledging in Red-faced Warbler and Gray-headed Junco who did not increase provisioning rates.
Differences in parental responses among cavity (House Wren and Western Bluebird) versus open-cup nesting species (Red-faced Warbler and Gray-headed Junco) suggest that breeding ecology and related life history traits play an important role in determining the degree to which parents can respond to early environmental insults. Parental effort and behavior are often constrained by the risk of predation (Lima 2009; Martin 1992; Martin and Briskie 2009; Roff 2002) . Parents can minimize the risk of attracting the attention of visually oriented predators to themselves and their offspring by reducing their activity rates and visiting the nest less often (Ghalambor et al. 2013; Martin et al. 2000; Skutch 1949) . However, decreased feeding can slow offspring growth rates (Eggert et al. 1998; Naef-Daenzer and Keller 1999) and prolong the duration of time spent in the nest (Bize et al. 2006; Stodola et al. 2010 ), which in turn, can increase predation risk to dependent young (Bosque and Bosque 1995; Martin 1995; Martin and Briskie 2009) . The optimal resolution to this trade-off between offspring growth and mortality depends on the risk of predation during both the juvenile and adult stage (Lima and Bednekoff 1999; Martin 1992, 2015). Among species with high nest predation risk, parents generally decrease their provisioning rates to a larger extent when facing an increased perceived risk of nest predation relative to species nesting in safer sites (Eggers et al. 2005; Ghalambor et al. 2013; Royle et al. 2014) . In contrast, species with higher adult mortality risk are less likely to decrease their offspring provisioning rates in response to increased perceived risk of mortality Martin 2000, 2001) . These combined effects of juvenile and adult mortality risk on parental care responses may explain why species with higher nestling but lower adult mortality such as Red-faced Warbler and Gray-headed Junco did not increase their feeding rates and therefore experienced greater negative carry-over effects of poor early conditions compared to species with lower juvenile but higher adult mortality such as House Wren and Western Bluebird. However, additional comparisons between species with different nesting ecologies and life history strategies are needed to verify the generality of patterns we observed in these species.
Increased parental provisioning buffered offspring growth rates from the potential negative carry-over effects of incubation cooling. However, offspring compensatory responses to poor early conditions are generally not without their own costs (Auer et al. 2010; Metcalfe and Monaghan 2003) . As such, intrinsic changes to offspring physiology that are mitigated by parental care during the nestling stage could still have negative impacts on their survival and fitness after fledging. In addition, parental care during both the incubation and nestling stages is energetically expensive (Visser and Lessells 2001; Williams 1996) and parents can also suffer from carry-over effects of environmental challenges both within and across breeding stages (Ardia et al. 2010; Reid et al. 2000) . Cooler ambient temperatures during one phase of incubation can negatively affect later incubation expenditure as well as nestling feeding effort and thereby offspring growth rates (Ardia et al. 2010 ). In our study, eggs but not parents experienced the cooling. As such, exposure of parents to cooler ambient temperatures may otherwise have decreased their mitigation capacities and led to greater negative effects on offspring growth rates than we report here. Alternatively, their direct experience with the change in temperature may have enabled them to better mitigate the change in temperature during the incubation stage.
The effects of incubation cooling on nestling growth rates differed not just between species but also among biometric traits. Growth in body mass and subsequent size at fledge were negatively affected in both Red-faced Warbler and Gray-headed Junco, while wing chord growth and size at fledge were slower and smaller in Gray-headed Junco but actually faster and larger in Western Bluebird, respectively. Growth of the tarsus, however, was not affected by the cooling treatment. The lack of cooling effect on some traits and species may have arisen because our sample sizes were too low to detect such differences. However, growth and development of body components can proceed at different rates during the embryonic stage (Blom and Lilja 2005) . Consequently, differences among traits in their sensitivity to cooling could be due to the developmental stage during which cooling occurred. Alternatively, certain traits may be more important for fitness, so their growth and development may be prioritized at the expense of others (Cheng and Martin 2012) . Wing development in particular may be critical to fledgling survival (Martin 2014) and may be prioritized in the face of constraints (Ashton and Armstrong 2002; LaManna and Martin 2016) . Thus, the reduced wing growth in Gray-headed Juncos suggests that cooling created a potentially strong energetic constraint for them. Indeed, differential growth of body components is known to occur in response to early developmental conditions, but which traits are prioritized or compromised seems to differ among species (Finch and Kirkwood 2000; LaManna and Martin 2016; Stevens et al. 2000) . Why species differ in which traits are prioritized over others is not clear and deserves further attention.
We show here that poor conditions during embryonic growth and development can have negative carry-over effects on juvenile phenotypes, but these impacts differed among our study species according to how well parents are able to mitigate the effects of their offspring's poor start. Given recent climate change and the increasing frequency of extreme events (Diffenbaugh et al. 2005; Easterling et al. 2000) , parental care is likely to be an important mechanism for coping not just with temperature anomalies but also with the challenges associated with decreasing food availability or increased disease risk. How well parents are able to mitigate negative environmental effects on their offspring will, in turn, likely depend on ecological pressures in the environment. Our species comparison suggests that mortality risk plays a role in the ability of parents to respond to offspring needs and explains species differences in incubation carry-over effects, but a larger number of species is needed to make such a comparison more conclusive. Other factors such as food limitation and the degree of environmental variation across life stages may also determine parental responses and the subsequent fate of their offspring. Additionally, there is increasing evidence that the morphological and physiological traits affected by poor conditions can differ within and among species, but our understanding of the evolutionary and proximate mechanisms underlying these differential effects and their impacts on future survival and reproduction is still in a nascent stage. Developing a framework, based on ecological and life history differences among species and populations, is a promising approach to aid us in developing a priori expectations for which organisms and traits are more sensitive to environmental change.
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